Abstract-
A Near-Threshold Energy-Efficient ASK Transmitter for Biomedical Implants Un émetteur MDA d'efficacité énergétique à seuil-proche pour des implants biomédicaux I. INTRODUCTION N OWADAYS, advances in CMOS technology have made smaller transistors with higher performance possible. This trend toward making transistors with smaller feature sizes and lower supply voltages causes designers to find new structures that are capable of working at low voltages. On the other hand, system-on-chip and lab-on-chip techniques now make smaller and lower powered devices with the implementable capability. Such systems are normally wireless and capable of transferring data to and from the outside body. M. Jalalifar is with the Department of Computer Science and Electrical Engineering, West Virginia University, Morgantown, WV 26506 USA (e-mail: majalalifar@mix.wvu.edu).
G. Several implantable biotelemetry systems are developed using amplitude shift keying (ASK) modulation techniques including cochlear implants, implantable cardiac pacemakers, and neuromuscular stimulus [1] [2] [3] . Using ASK modulation technique allows transferring power and data simultaneously through the same coil pair [2] , [3] . However, in designing an ASK-modulated implantable biomedical microsystem, key parameters such as data rate, power consumption, and system efficiencies should be considered. The constraints of the wireless transmitter used in biomedical systems are different from those conventional wireless applications.
One of the main issues in a biotelemetry system is to have high data rate to achieve high-quality medical images. Conventional ASK modulators suffer from low data rate [4] [5] [6] [7] (e.g., 15 Mb/s [6] ). Moreover, the transmitter is typically the most power hungry block in an implantable device attributing to more than 50% of the overall power consumption [8] , [9] . In addition to the requirements of the high data rate and the low power consumption, the higher level of integration is also an issue to have a small implantable device. Thus, the design of implantable transmitters with low power consumption, tiny area, and high data rate is still challenging.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The scaling down of feature size has resulted in a smaller top supply rail. The consequence of this trend has forced circuit operation closer to a near-threshold (NT) voltage region. NT voltage limits the output swing that can be generated and also limits the achievable data rate. Therefore, it is desirable and challenging to design a transmitter with high data rate and low power consumption at the NT voltage region of transistors. In this paper, an implantable transmitter based on an ASK modulation scheme is presented that features high data rate and low power consumption. The proposed ASK transmitter is designed and analyzed in Section II. In Section III, the measurement results are shown. Finally, the conclusion is given in Section IV.
II. PROPOSED ASK TRANSMITTER
The block diagram of the proposed transmitter is shown in Fig. 1 . The architecture consists of a voltage-controlled oscillator (VCO), an amplitude modulator, and a class-E power amplifier. The transmitter works in a 2.4-GHz industrial, scientific and medical (ISM) frequency band dedicated to implantable medical microsystems [5] . The VCO can be designed using two major topologies including ring and LC-VCO. Ring VCOs can operate in a wide frequency range, but suffer from poor phase noise performance and a low operating frequency when compared with LC-VCOs [10] , [11] . An nMOS cross-coupled LC-VCO is employed in this ASK transmitter circuit since it can operate at lower supply voltage compared with complementary LC-VCOs. The simplified schematic of the LC-VCO is shown in Fig. 2 . The LC-VCO consists of a center-tapped inductor, an nMOS cross-coupled pair M1 and M2, and a varactorcontrolled capacitor bank. The LC-VCO resonates at the resonance frequency of the tank circuit. The cross-coupled transistor generates a negative resistance to cancel out parasitic resistive losses of capacitors and inductors used in the tank circuit as shown in Fig. 2 . Moreover, the quality factor of the tank circuit determines the phase noise performance of VCO [12] , [13] . The 2.4-GHz carrier is generated by the integrated LC-VCO with a high Q-factor LC tank. In addition, the VCO has been known to impose a delay in the transmitter, so a high-throughput transmitter should have a fast startup oscillator. A varactor-controlled capacitor bank is utilized at the VCO to tune the oscillator over a wide frequency range. It consists of a pair of varactors tuned by a control voltage and an array of switched varactors. This scheme reduces the phase noise generating from the control voltage while increases tuning range. The capacitor bank is implemented with 16 varactor pairs that are controlled by four digital bits. Thus, it provides a fine-tuning range and various frequency spots can be selected in the tuning range. Fig. 3 shows that the phase noise of the VCO is simulated for the highest and lowest oscillation frequencies. The simulated phase noise in 2.8 and 2.1 GHz is −114.1 and −118.6 dBc/Hz at 1-MHz offset, respectively.
A quadrature phase shift keying (QPSK) modulation scheme has usually provided higher data transmission rate than the frequency shift keying (FSK) and ASK schemes. However, the QPSK modulation has been replaced by the FSK scheme in wireless transceivers of biomedical applications [14] , [15] due to the high complexity and high power consumption of the QPSK scheme. Nevertheless, the FSK modulation architecture still uses power hungry components such as phase-locked loops, mixers, and analog-to-digital converters to achieve a moderate data rate. Therefore, in this proposed transmitter, the ASK modulation scheme is chosen because of the ease of implementation and low power consumption. The analysis of ASK transmission is provided in [16] . An ASK modulator represents digital data with the variation of carrier frequency amplitude. As can be clearly seen in Fig. 4 , the ASK modulator uses only four nMOS transistors. This simple structure makes it highly attractive for biomedical implantable chips. Moreover, this modulation scheme can operate at a low voltage supply due to paralling nMOS transistors M3 with M5 and M4 with M6. The LC-VCO oscillates at a 2.4-GHz carrier frequency, and then is fed into the input nMOS transistors M3 and M4 of the ASK modulator. The digital data stream outputted by the input buffer modulates the carrier by switching ON/OFF the current flow through M5 and M6 to complete the ASK modulation. A pMOS transistor M7 is also employed in the ASK modulator to make a fast shut off at the output [17] . Using this switch reduces the amplitude of nonmodulated signals. Fig. 5 shows the simulated input and modulated output signal of the proposed NT-ASK modulator. The input data stream that is the top waveform of Fig. 5 generates randomly at 400 Mb/s. The middle waveform shows the LC-VCO output at a carrier frequency of 2.4 GHz. The bottom waveform exhibits the ASK-modulated random data output stream after 5-ns startup time of VCO. The ASK-modulated data flow into a class-E power amplifier [18] , as shown in Fig. 6 . The power amplifier comprises of a transistor M8 that drives a resonant network consisting of a capacitor C 1 , a tuning capacitor C 2 , an inductor L, and an external coil used as an antenna. When the modulated data in the ASK modulation are a zero, the transistor M8 will be OFF, so the resonant circuit of the power amplifier is charged by the power supply and inductor L acting as a current source. The drain current of transistor M8 rises, when the modulated data are a one. In order to properly operate the transmitter at 2.4 GHz, the resonant network of the power amplifier has to be the same as the VCO tank circuit. After amplifying the modulated data by the power amplifier, the transmit coil radiates the ASK-modulated data, which can then be recovered using an external receiver.
III. MEASUREMENT RESULTS
The proposed ASK transmitter is fabricated in a 0.13-µm CMOS technology and tested on an FR4-PC board. The die microphotograph of the chip is shown in Fig. 7 . The core area of the transmitter is 0.7 × 0.9 mm 2 including the measurement pads. The total power consumption of the transmitter is 1.65 mW. In fact, the power consumption is minimized using an NT design technique where the supply voltage is lowered due to its quadratic power saving relationship (e.g., P = CV 2 f + V I ). Fig. 8 shows the modulated signal of the proposed NT-ASK transmitter with data rate 100 Mb/s. The plot illustrates that the transmitter generates each signal of the input buffer and the VCO at the NT supply rail voltage, and then the ASK modulator successfully creates the modulated signal with a peak-to-peak voltage of 285 mV. The amplitude modulation depth is 77%. Thus, the modulated signal can be easily recovered by an external receiver. The NT-ASK modulator consumes only 0.32 mW. The class-E power amplifier uses a single on-chip inductance of 16.2 nH with a Q-factor of 12 and a self-resonant frequency of 4.15 GHz. The power consumption of the PA is 1.08 mW while it delivers an output power up to −14 dBm, which is equivalent to 3.69% power efficiency, while the power efficiency percentage of the transmitter is 2.41%. Fig. 9 shows the modulated transmitter output spectrum at a center frequency of 2.4 GHz. A separated chip is used to measure the phase noise and frequency tuning range of the VCO. The phase noise response with respect to the center frequency is shown in Fig. 10 , which was Table I summarizes the performance of the transmitter and compares its performance with recently reported wireless links for biotelemetry and short-range distance communication in the literature. The transmitter achieves a better energy efficiency of 16.5 pJ/b when compared with prior arts. Ultrawideband wireless link introduced in [21] could present an energy efficiency of 18 pJ/b, but it is designed for a short distance, so it requires more power to transmit data over a 20-cm distance. The energy efficiency of on-off keying (OOK) transmitter presented in [23] is 22 pJ/b, which is higher than the proposed transmitter due to using a 1.5 V supply. Furthermore, ASK modulation is more immune to interfering signals than OOK modulation [24] . Therefore, the overall performance of the proposed ASK transmitter is effectively improved compared with prior works.
IV. CONCLUSION An NT-ASK transmitter operating at 2.4-GHz ISM band has been demonstrated. The transmitter achieves a data rate of 100 Mb/s with an output power of −14 dBm. The measured phase noise of the transmitter is −115.7 dBc/Hz at a 1-MHz frequency offset. The measurement results indicate that the proposed ASK transmitter is capable of operating at a center frequency of 2.4 GHz while consuming only 1.65 mW at 0.5 V. When compared with the prior arts, the transmitter achieves the best energy efficiency of 16.5 pJ/b.
